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Abstract 
The contribution describes experiments and numerical modelling performed to deal with ductile tearing for RAFM steel 
Eurofer97. Based on results of tensile testing and results of FEA a micromechanical model of ductile fracture 
Gurson-Tvergaard-Needleman (GTN) was calibrated. This model was then applied for simulation of measured J-R curve. To 
successfully simulate J-R curve by GTN model, crack length increment was separated into increment created by crack tip 
blunting (stretch width zone increment) and by ductile tearing itself. J-R curve corrected to crack tip blunting was satisfactory 
described by GTN model choosing suitable element size in the region of crack propagation.  
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1. Main text  
The need of evaluation of fracture toughness from limited amount of test material is one of the crucial tasks for 
development of materials proposed for application in future fusion/fission reactors and for monitoring of their 
degradation, Baluc (2006). One of the candidate materials for application in experimental fusion reactor ITER is 
a Eurofer97 steel, which is assumed as a structural material for breeding blanket of thickness around 5 mm. 
An application of miniature test specimens enables direct evaluation of fracture toughness from that component. 
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Few results of J-R curve determinations had shown that miniature test specimens gave significantly lower tearing 
resistance compared with test specimens of standard size, Lucon and Scibetta (2009). The interpretation 
or transferability of fracture toughness characteristics from miniature test specimens is very relevant in this case, 
Dlouhy (2002).  
One possibility to deal with size and geometry effects offers local approach to fracture, which goes beyond the 
limits of conventional fracture mechanics. In fracture mechanics the Gurson-Tveergard-Needleman (GTN) model of 
micro-mechanism of ductile fracture is quite common (Tvergaard and Needleman (1984)). This model describes 
damage mechanism by nucleation, growth and coalescence of voids. This contribution presents the calibration 
procedure of GTN model for Eurofer97 steel and its application to performance of a miniature three-point-bend 
specimen in order to model J-R curve. The GTN model has not been calibrated for Eurofer97 steel yet. In order to 
facilitate demanding process of calibration of GTN model‘s parameters, its calibration was based on the results of 
study of damage micro-mechanism of the steel carried in previous study, Stratil et al. (2013). 
2. Gurson-Tvergaard-Needleman model 
Gurson (1977) has proposed model which describes the plasticity of material via behaviour of voids in 
ideal-plastic Mises material. Because of some discrepancies of original Gurson model in comparison with 
experimental results it was modified by Tvergaard (1982) and later by Needleman and Tvergaard (1984). This 
modification is called Gurson-Tvergaard-Needleman model. The yield function of the GTN model has the form: 
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where eV  denotes the macroscopic effective Mises stress, hV  represents the macroscopic hydrostatic stress, V  
means the current flow stress of the matrix material, *f  is effective void volume fraction. The effective void 
volume fraction *f  was proposed by Needleman and Tvergaard (1984) to model rapid loss of the material 
stress-carrying capacity after the occurrence of void coalescence as observed during the test. The function becomes 
more predominant once the current void volume fraction f exceeds a critical value cf , critical void volume fraction. 
Term *uf  is the value of 
*f  at fracture. The complete loss of load-carrying capacity occurs at Fff   i.e. ultimate 
void volume fraction at fracture. 
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The increase in void volume fraction consists of two terms: the nucleation of new voids and growth of existing 
voids. It can be written as Eq. (3) in which grf  is the rate of change of existing void volume fraction and nuclf  is 
the rate of change of void volume fraction of new voids. Under assumption of the model growth part is directly 
related to the mesoscopic plastic dilatation (4). Term pkkH  is the trace of the macroscopic plastic strain rate tensor. 
Nucleation of new voids is based on plastic strain (5) and thus is driven by the average effective plastic strain rate of 
the material pH . The parameter A (6) follows a normal distribution. In Eq. (6) Nf  is the volume fraction of particles 
available for void nucleation, Ns  is the standard deviation of the distribution.  
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In total the GTN model has eight micro-mechanical parameters ( 1q , 2q , 0f , cf , Ff , Nf , NH , Ns ), which must be 
calibrated for a given material.  
3. Experimental 
Chemical composition of tested material Eurofer97 steel is given in Table 1. This progressive alloy has very low 
impurity content. Its structure consists of tempered martensite with fine precipitates. The precipitates of the steel are 
formed by population of larger carbides type of M23C6 and by population of smaller precipitates type of MX rich in 
Ta and V (Fernández et al. (2001), Stratil et al. (2011)). The microstructural parameters of the steel in form of the 
plate of thickness 25 mm (heat nr. 993393) were obtained in work of Stratil et al. (2013). The steel has a tempered 
martensitic microstructure with a prior austenite grain size of 25 μm. Within that previous study, tensile properties 
of the steel on smooth and notched round tensile bars with initial diameter 4 mm and gauge length 20 mm were 
evaluated. Notched specimens were prepared with two different notch radii 3 and 1 mm. Tests were performed by 
the speed 1 mm/min at room temperature (RT). During the tests axial displacement of specimen was monitored by 
the external extensometer and the actual diameter was monitored optically by digital camera. Damage 
micro-mechanism of the steel was quantitatively studied by means of metallography and fractography analysis on 
broken halves of tensile bars in SEM and also using the image analysis.  
     Table 1. Chemical composition of the Eurofer97 steel. 
Elements (wt.%)             
C  Fe  Cr  W N Mn Ta P S V Si Al Ni Ti 
0.12 Balance 8.91 1.08 0.02 0.48 0.14 0.005 0.004 0.2 0.04 0.009 0.02 0.006 
     Table 2. Mechanical tensile properties at room  temperature for the Eurofer97 steel. 
Young’s modulus Poisson’s ratio Yield strength Tensile strength 
 E (GPa) Q  yV (MPa)  uV (MPa) 
207 0.3 555 675 
 
Fracture toughness measurement was performed on three-point-bend specimens type KLST with dimensions 
3×4×27 mm3 (thickness×width×length) according to the standard ASTM E1820. An initial chevron notch was 
machined in transversal orientation and specimens were pre-cracked (PKLST specimens) to achieve ratio crack 
length to width 0.5. No side-groove was made. Span of supports was 24 mm. J-R curve was determined by 
multispecimen technique. In total twelve specimens were measured by the speed 1 mm/min at RT. During the test 
deflection of specimen was monitored as a function of load. Crack length was measured in nine points along the 
specimen thickness and averaged by corresponding way. Crack growth correction of J-R curve was applied. Fracture 
surfaces of specimens were studied in SEM and also measurement of a stretch width zone (SWZ) was realized.  
4. Calibration of GTN model parameters 
The combined methodology calibration of parameters of GTN model was carried out as a combination of tensile 
testing, FE analysis and results of quantitative analysis of damage. The examination of micro-mechanism revealed 
that voids nucleate just in the neck region in small distance from the fracture surfaces. The damage process of the 
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steel is driven by the voids’ nucleation and their subsequent growth. No marks of significant coalescence process 
were observed under the fracture surfaces suggesting that the void coalescence was not acted during the substantial 
part of damage evolution. Voids nucleate preferentially at the largest particles by mechanism of decohesion 
matrix/particle. The results of study of micro-mechanism damage were used for establishment of calibration 
methodology. The determined parameters of GTN model are in Table 3.  
 
Table 3. The identified parameters of GTN model for Eurofer97 steel. 
1q  2q  NH  Ns  Nf  0f  cf  Ff  
1.46 0.931 0.3 0.1 0.00055 0 0.0045 0.1 
 
Voids were observed just in close distance to fracture surface. On the base of it the value of initial void volume 
fraction 0f  was set zero. Next, obtained value of void volume fraction from areas below the fracture surfaces was 
set as critical void volume fraction cf . Up to that amount of void volume fraction just the process of nucleation and 
growth of void was taken into account. Parameters NH  and Ns  were set as their usual values recommended by 
Tvergaard (1982). The values of parameters 1q  and 2q  were taken as optimized values based on cell computation 
in work of Faleskog et al. (1998). The values of two remaining parameters, Nf  and Ff , were fitted by performing 
numerical parametric studies of tensile tests. For purposes of modeling, 2D axisymmetric models of tested tensile 
specimens were created in ABAQUS software. Models were built from approximate 1.103 elements type of CAX4R 
with size 0.1×0.1 mm2 and were displacement driven in the regime of large deformations in Explicit module. The 
input of material properties into FEA software ABAQUS requires description of true stress-strain curve as pairs of 
material data true stress and plastic true strain. In post-necking region Mirone’s correction of true stress-true strain 
curve was applied, Mirone (2004). The best pair of values of parameters Nf  and Ff  was selected by comparison of 
numerical and experimental results load vs. specimen elongation and load vs. diameter reduction, Fig. 1a. A very 
good agreement was achieved. With regard to it GTN model parameters were considered to be properly determined.  
 
    
Fig. 1. (a) Comparison of experimental outputs from tensile tests with GTN model; (b) 3D model of PKLST specimen. 
5. Application of GTN model for simulation of J-R curve 
The experimental J-R curve was constructed using definition of blunting line from ISO 12135 standard, Fig. 2a, 
as its definition by ASTM E1820 had too low slope. The indication of high toughness of the steel is that measurable 
crack length increments differ from the blunting line beyond the validity range of J-integral for tested specimen. 
For simulation of three-point-bend tests 3D models of tested PKLST specimens were created, Fig. 1b. Using 
symmetry only one quarter of specimen was modeled. Material definition was prescribed by true stress-strain data 
and by calibrated damage model. Explicit module in Abaqus was used again. Loading of the models was 
displacement driven with option of large deformations. When is GTN model applied to cracked body, determination 
(a) (b) 
1159 Ludek Stratil et al. /  Procedia Materials Science  3 ( 2014 )  1155 – 1160 
  
Fig. 2. (a) Experimental and modeled J-R curves; (b) Fracture surface of PKLST specimen in SEM, A-surface of pre-cracking, B-SWZ, C-ductile 
tearing, D-brittle fracture created after the test by opening of specimen in liquid nitrogen. 
of suitable element size is required, Bernauer and Brocks (2002). The meshes with various element sizes in the 
process zone, where crack propagation was prescribed, were composed from elements with square cross-section and 
with sizes ranging from 10 μm to 100 μm, Fig. 1b. In dependence on the specimen’s mesh the models consisted 
from 20.103 to 45.103 elements type of C3D8R. From the comparison of experimental and simulated dependences 
load vs. deflection and crack length vs. deflection the mesh with element size 24 μm fits the best to the results. The 
values of J-integral were determined from load vs. deflection curve of the model. Ductile tearing at different 
deflections was determined from model by counting the elements in which void volume fraction reached value of
Ff . The simulated J-R curve fits with experimental one within its upper parts, Fig. 2a. However, the J-initiation 
values and values of J-integral up to about 0.2 mm of crack extension are considerably overestimated. That is not 
a problem of values of J-integral counted from load-deflection curve but of crack extension. On fracture surfaces of 
tested specimens was detected large SWZ, Fig. 2b. Large SWZ in connected with large crack tip blunting as 
a consequence of high toughness of the steel. Total crack length increment a'  is composed from the increment of 
SWZ and the increment of ductile tearing, Eq. 7.  
tearSWZ aaa '' '                                                                                                                                           (7) 
The GTN model is able to simulate just tearing in the specimen, as damage process cumulate first of all in first 
elements at the crack tip. Moreover tensile testing is not able to reveal crack tip blunting and thus does not facilitate 
its calibration. Measurement of the SWZ in SEM allowed correction of J-R curve to stretch zone width increment, 
Fig. 3a. The GTN model now follows experimental J-R curve corrected to SWZ, Fig. 3b.  
 
   
Fig. 3. (a) Comparison of SWZ measurement from fracture surfaces with FEA modeling and blunting lines; (b) J-R curve corrected to SWZ. 
(a) (b) 
(a) (b) 
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To simulate total crack length increment it is also necessary to simulate evolution of crack tip blunting. 
The evolution of crack tip blunting during specimen loading can be approximated as a growth of the crack tip radius. 
To verify that assumption FE model with the same geometry as previously used but with initial radius of the crack 
tip 0.01 mm was created, Fig. 1b. Material properties were defined as elastic-plastic without damage. Crack blunting 
was obtained from deformed model’s shape as a relative movement of the crack tip front to its initial position. The 
individual values of crack tip blunting along model’s thickness were averaged in order to correspond to the nine 
point measurement of crack length. Evolution of crack tip blunting obtained from FEA of specimen is very close to 
the measured values of SWZ, Fig. 3a. Knowledge of both crack length increments (Eq. 7) from FEA allowed 
construction of J-R curve for total crack length increment, Fig. 2a. The values of modeled curve are nearly within 
a whole scatter band of experimental curve and their overall agreement is now very good. 
4. Conclusions 
The calibration of micromechanical parameters of Gurson-Tvergaard-Needelman model was successfully 
performed. For application of the model to cracked specimen determination of suitable mesh element size is crucial. 
Because of large evolution of stretch width zone at the crack tip in the specimen, GTN model itself was not able to 
successfully described measured J-R curve. After correction of measured J-R curve to crack increment of stretch 
width zone agreement with the model was much better. In case of studied steel dealing with crack tip blunting is 
therefore important for further application and verification of transferability of GTN model’s parameters. Calibrated 
GTN model will be used for description and prediction of specimen size effect on J-R curve of Eurofer97 steel. 
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